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How we try to  
understand neutrinos ? 
�  From sources to detectors (and in between) 

source detector 

something interesting 
happens here 
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Neutrino oscillations  - 3 flavours 
                – picture as of today 

FLAVOR MASS 

”atmospheric”  
 SK, K2K, T2K, MINOS 

Nova 

”solar”  
SNO, KamLand, 

SK, Borexino 

CHOOZ, 
DayaBay, 

Reno, 
DblChooz, 

T2K 
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Based on PDG2014 
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Mass hierarchy and matter effects 
�  Δm2 – gives no information about absolute scale and on mass ordering 

�  In the Sun oscillations happen in dense matter 

�  Mikheyev–Smirnov–Wolfenstein (MSW) effect – matter influence  - effect 
of electron density à effective mass of electron neutrino is changing 
�  is raised for neutrino 
�  is lowered for anti-neutrino  

�  Resonance enhancement appears at specific energies 

�  It depends on Δm2 and electron density 

�  For Sun we observe resonance around 10 MeV 

�  From that we know that m1< m2 

�  position of m3 is not known   

    à open question 
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T2K experiment 

SK 

Kamioka Tokai ► Tokai-2-Kamioka: long-baseline 
experiment with narrow-band beam 
► Muon neutrinos produced in  
J-PARC laboratory in Tokai 
(30 GeV protons on graphite) 
► Near detector station 280 m from the 
production point measures non-oscillated 
beam 
► Far detector (295 km away) – Super-
Kamiokande, water-Cherenkov detector in 
Kamioka mine  

Main goal: neutrino oscillation studies 
► muon (anti-)neutrino disappearance 
► electron (anti-)neutrino appearance 
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... and ways of measuring θ13
�   disappearance -> reactor experiments 

�   appearance -> long-baseline experiments with νµ 
beam 

P(νµ →νe ) = sin
2 2θ13 sin

2θ23 sin
2 1.27Δm23

2L / E( )Le
ad
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rm
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νe →νe

νµ →νe
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Experimental set-up dedicated to measurements 
of oscillations with Δm2

23 
      θ23  and    θ13 

    

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still 
appears, you may have to delete the image and then insert it again.

2,5O off axis beam selected 
à gives maximal oscillation effect 
   in disappearance 
   and in appearance   at SK detector (295 km) 

π + → µ+ +νµ

µ+ → e+νµνe

p+C→ π +...K +..

K + → π 0e+νe

Beam: 
for precise predictions 
of neutrino fluxes good 
description of π, K 
production needed  
           (NA61data) 
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Data collection, result publication 
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�  Oscillation analyses released: 

l  7.0·1020	
  POT	
  
delivered	
  in	
  ν	
  mode,	
  	
  
4.04·1020	
  POT	
  in	
  an7-­‐
ν	
  mode	
  (7ll	
  June	
  1,	
  2015)	
  

l  Goal:	
  7.8·1021	
  POT	
  	
  
This	
  year	
  
•  Maximum	
  	
  beam	
  
power	
  	
  achieved	
  	
  so	
  	
  
far:	
  	
  421	
  	
  kW	
  	
  	
  

•  On	
  May	
  27’th	
  we	
  	
  
	
  	
  	
  	
  achieved	
  	
  

2011 2012 2013 2014 2015 
recent results 

2010 
data taking 

starts 

POT = Protons On Target 

2016 
 

      nu-mode POT: 7.12×1020 (48.6%)
      nubar-mode POT: 7.53×1020 (51.4%)

18 May 2016
POT total: 1.465×1021
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Number of 
events 

observed in SK 

How to analyze oscillations? 

   

Neutrino interactions 
model 

Simulations of 

 ν interactions with 
parameter ajustement 

Detector 
response 

Beam simulations 

Data on π and K mezon 
production (NA61) 

Measurements of beam 
parameters on axis and 

muon   
External data on 

cross sections, 
secondary interactions 

nuclear effects 

External inputs: 
à Constraint on 

sin2θ13 from reactors 
sin2θ13, sin2θ23 
Δm2

23, δCP 

Prediction for far 
detector 

Parameters and 
systematic uncertainties 

from the fit 

Comparison of data from 
ND280 with simulations : 

tune interaction type 
contributions 

Fits of oscillation 
parameters to describe 

number of events 
observed in SK  

Flux prediction for ND280 

ND280 
data 

Let’s go through it step by step ……. 
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Near detectors: INGRID and ND280 

   

Detector on the beam axis 
beam intensity and direction 
à stability control 

Ratio of events: observed/predicted  

Precision of direction  
measurement  [mrad] 

1.5m 

~10m 

~10m 

X 

Y 
Designed 
Beam center 

Z 
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Near detector -  ND280 

11 

�  Off-axis near detector 
�  νµ and νe flux measurement 

(constraints for oscillation 
measurements) 

�  Cross-section measurements 
(carbon, oxygen) 

TPC	
  	
  
(gas	
  Time	
  Projec0on	
  Chambers)	
  
l momentum	
  measurement	
  
l par7cle	
  iden7fica7on	
  -­‐	
  dE/dx	
  	
  

FGD	
  	
  
(Fine-­‐Grained	
  Detectors)	
  
l ac7ve	
  target	
  mass	
  
recoil	
  protons	
  detec7on	
  

SMRD	
  
(Side	
  Muon	
  

Range	
  Detector)	
  
improvement	
  

of	
  muon	
  
iden7fica7on	
  

tracker 

TPC TPC TPC 

FG
D

 

FG
D

 

Data on event display (CC 2 track): 

Same beam angle as for far detector – SK 
Constraints on flux, cross-section and syst. 
for predictions at SK 
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Here goal is to tune MC parameters as well as  
detector description to get good agreement for 
data and MC à fit model param. and systematics 

Data in ND280 – selecting Charged-Current interactions 
à 3 categories (topology, not interaction type): 
             CC0π,  CC1π+ , CC-other 
and knowing how interaction types contribute  
à tune parameters, including fractions 
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CCQE 

N 

ν µ- 

N’ 

Resonant 

N 

ν µ- 

Δ 
N’ 
π 

DIS ν µ- 

N’+mesons 
q q’ 

N 

Coherent ν µ- 

π 

(dominant for 
T2K energies) 
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Mostly Resonant 

Mostly CCQE 

Mostly  
DIS 



ND280 – fit 

  

tune MC parameters  
detector description  
fit model param. and systematics 

data used: from ND280  
for three topologies 
momentum and angular  
distributions  
 

taking best-fit parameters –  predict number of events 
at far detector  à  from comparison with observation 
     determine oscillation parameters 
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Fitted parameters for 
neutrino cross-section 
Using them we get   à 



Systematic uncertainties on expected 
number of interactions in SK 

   

 

2014                     2015 

* including uncertainties on  effects of 
      multi-nucleon interactions (MEC) 

ν ν
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Far detector - 

   

 

beam events selected 
 based on time correlation  
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50 kton of water, 22.5 kton 
                                   fiducial volume 

 >11,000 photomultipliers on the walls  
    observe Cherenkov light 
 

Super-Kamiokande 

Single ring – candidate for  
lepton from CC interaction 
If track contained in SK  (FC) 
à energy measured 
à assuming CCQE one 
     can calculate ν energy 

FC events within beam spill window 
   accidentals < 1% 
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Observation in Super-Kamiokande 
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Selecting candidates for CC νµ and CC νe 
 
à decay electron could signal invisible π
à not π0 – like  
     dedicated tools used to search for π0 ‘s 
     between e-like single  ring events  
     àto reduce contribution from NC νµ 
        with π0 production where one ring 
        is not reconstructed or overlaps 

Important improvement in purity of νe 
selected sample 

28 events 
120 events 
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νµ νe 



      measurement of  Δm23
2, θ23 

using both samples in combined analysis –                                            are 
determined while values for                            are taken from “solar” best fits. 

�  predictions are done for normal and inverted mass hierarchy 

�  analysis can be done using ν reconstructed energy or charged lepton 
momentum and angle with respect to the beam direction. 

T2K 

for νµ events – compare observed with expectation of oscillated flux à Δm2
23, θ23 

•  for best precision – constraint from reactor experiments on sin2θ13 is used 

PHYSICAL REVIEW D 91, 072010 (2015)  
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Summary of the results 
for 2-3 and 1-3 sectors 
     from global fits 

Phys. Rev. D 91, 072010  
 

18 



ν  beam – results 
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Analysis for 4,01*1020 POT  
   with anti-nu beam mode 
Disappearance: 
parameters consistent with  
  - maximal mixing 
  - neutrino parameters 
  - other experiments 

34 µ-like events 

Appearance – 3 e-like events seen 
   more data needed 

PRL 116, 181801 
                  (2016) 
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Perspectives 
for  

CPV and MH 
�  Looking for 

appearance 

 

α
~
ρ*
E
ν 

36 III PHYSICS POTENTIAL
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FIG. 16. Oscillation probabilities as a function of the neutrino energy for ⇤µ ⇤ ⇤e (left) and ⇤µ ⇤ ⇤e (right)

transitions with L=295 km and sin2 2⇥13 = 0.1. Black, red, green, and blue lines correspond to � = 0, 1
2⌅,⌅,

and � 1
2⌅, respectively. Other parameters are listed in Table VII. Solid (dashed) line represents the case for

a normal (inverted) mass hierarchy.
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FIG. 17. Oscillation probability of ⇤µ ⇤ ⇤e as a function of the neutrino energy with a baseline of 295 km.

Left: sin2 2⇥13 = 0.1, right: sin2 2⇥13 = 0.01. � = 1
2⌅ and normal hierarchy is assumed. Contribution from

each term of the oscillation probability formula is shown separately.

TABLE VII. Parameters other than ⇥13 and � assumed in this section.

Name Value

L 295 km

�m2
21 7.6⇥10�5 eV2

|�m2
32| 2.4⇥10�3 eV2

sin2 ⇥12 0.31

sin2 ⇥23 0.5

Density of the earth (⇧) 2.6 g/cm3

delta=1/2π, NH 

Example plot for Hyper-K (~300km)  

P νµ →νe( ) vs. P νµ →νe( )
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Long Baseline Future  

�  a 

T2K (Tokai2Kamioka) Experiment 

p!"

120m 0m280m295 km

on-axis
off-axis

2.5o

#-mon

target and horns

6 

Kamioka Tokai 

April 27, 2012 

Long term  
 ie. after/around 2025  

1200 km 

295 km 
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PLEASE CONTINUE TO ENJOY 
NEUTRINO OSCILLATIONS 

     
 
 
 

˄
precision 

measurements of 

Summary: 

T2K phase II and Hyper-K welcome 
new, enthusiastic collaborators … 

to get better  
knowledge on … 

and more…. 



Improvements require better knowledge of interactions, 
better cross section measurements to test models 

  

Phys. Rev. D, 90, 052010 (2014) 

INGRID 

Phys. Rev. D 91,112002  

On Carbon 

arXiv:1509.06940v1 [hep-ex] 
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ND280 data 
important information for analysis 

   

 

 
 

Phys. Rev. D 91, 112002  

  

Phys. Rev. D 92, 112003 

Phys. Rev. Lett. 113, 241803 

νµ CC QE 

CC QE νe 

background 
π0 

Data/MC 

Phys. Rev. D 91, 112010 

and 

SK 
 
NC QE 

Phys. Rev. D 90, 072012 (2014) 
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Observation of all expected transitions  
  appearance    νµ à ντ            OPERA 

appearance    νµ à νe     T2K 

Sum of momenta of charged part  
and gammas 
 

Reconstructed neutrino energy Remember that νµ appearance was “visible”  
in SNO via NC interactions, but not direct observation 
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